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Magnetic force microscope ~MFM! was used to characterize the L10 ordered FePt~001! films sputter
deposited directly on MgO~001! substrates at an elevated temperature. With the change of nominal
thickness (tN), the morphology varied from isolated particles to continuous films. The coercivity
showed a marked change at the percolation boundary of tN>45 nm, where the film morphology
changed from a discontinuous to a continuous state. Below tN545 nm, the coercivity did not change
apparently, though the number of single-domain particles increased gradually with decreasing tN .
At tN520 nm, a critical ~maximum! size of single domain particles, d5180 nm, was obtained from
a size distribution, which was taken from the atomic force microscope/MFM measurement. The
value calculated for this critical size was found to be d5155 nm in the assumption that the particles
had ellipsoidal shape. The slight difference between experimental and theoretical values is likely to
be attributed to an axis ratio (c/a) distribution of particles. © 2003 American Institute of Physics.
@DOI: 10.1063/1.1618937#I. INTRODUCTION
The FePt film with L10 ordered structure ~CuAu~I! type!
is an attractive candidate for ultrahigh density magnetic data
recording.1 Because of its high magnetic anisotropy, even
less than 2 nm grains are thermally stable and exhibit perfect
ferromagnetic properties; and the ordered FePt alloy may
achieve a recording density beyond 1 Tb/in.2.2 Recently, high
coercivity as high as 40 kOe was reported in ultrathin L10
FePt~001! films sputter deposited directly on MgO~001! sub-
strates at an elevated temperature.3 The coercivity shows a
drastic decrease around the nominal thickness tN;45 nm,
where the film morphology changes from isolated particles
to continuous films. Only a few reports have been reported
on the magnetic domain structures in these films so far.4–6 In
a previous article,7 a preliminary result from magnetic force
microscope ~MFM! observation of a L10 ordered FePt film
with tN520 nm was described. In this article, a further study
by MFM was done on the domain patterns of these L10
ordered FePt films. The correlation between domain pattern
and film morphology as well as the relationship between
critical size of single-domain particles and shape of particles
were also explored.
II. EXPERIMENTAL PROCEDURE
L10 ordered FePt films were fabricated in a high-
vacuum system ~base pressure ;5310210 Torr) using mul-
tiple dc sputtering with codeposition of Fe and Pt directly
onto single-crystalline MgO~001! substrates. The substrates
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Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject towere attached to a rotating table, and heated to 700 °C in an
argon rich atmosphere (1.3931023 Torr) during sputtering.
Samples were prepared with tN in the range of 10–100 nm.
The composition of the films was determined to be
Fe52Pt48 (at. %) by electron probe x-ray microanalysis. The
structural characterization was made by x-ray diffraction and
showed the existence of intense ~001! and ~003! superlattice
peaks arising from the L10 phase in addition to the funda-
mental ~002! and ~004! peaks.3 No peaks from the other
atomic planes were observed due to the strong ~001! texture.
The hysteresis loops were measured using a superconducting
quantum interference device ~SQUID! at room temperature.
MFM observation was performed in dynamic force
mode using a SII-3800HV system. By this mode, both the
atomic force microscope ~AFM! image and the MFM image
for the same region of film can be obtained in a consecutive
scanning. The AFM image gives the morphology information
and the MFM image gives the magnetic domain information.
The cantilever-tip type is MESP-HC, branded as NANO-
PROBE. For this type of tip, the resonance frequency is in
the range of 50–100 kHz, the elastic coefficient is 5 N/m,
and the coercivity is over 10 kOe.
III. RESULTS
SQUID magnetometry measurements revealed strong tN
dependence of the coercivity (Hc). Figure 1 shows the mag-
netization curves at different film thicknesses.3 The magnetic
field was applied in both perpendicular and parallel direc-
tions to the film plane. For all samples, the magnetic easy
axis is normal to the film plane, because the @001# axis of
tetragonal L10 ordered structure is perpendicular to the film2 © 2003 American Institute of Physics
 AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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field perpendicular to the film plane was obtained at tN
510 nm. Since the maximum magnetic field of 55 kOe
given by SQUID is not sufficient to saturate the magnetiza-
tion, the real value of Hc and saturation magnetization (M s)
might be higher. As the film thickness increases, the coerciv-
ity decreases slowly, but still has a high value of ;25 kOe at
tN545 nm. However, a drastic change in the magnetization
curves is observed at tN550 nm. This critical region corre-
sponds to a morphology change from a discontinuous to a
continuous state. Further increase in tN results in easier satu-
ration of the out-of-plane magnetization. In Fig. 2, the coer-
civity and electrical resistance at different tN are
summarized.3 Corresponding to a drastic change of coerciv-
ity by 1 order of magnitude at tN>45 nm, as shown in Fig.
2~a!, a drastic change of electrical resistance was also ob-
served, as shown in Fig. 2~b!. The change of electrical resis-
tance confirms the morphology change from a discontinuous
to a continuous state.
Figure 3 shows the AFM, MFM, and AFM1MFM im-
ages of the as-sputtered samples with different tN . All AFM
FIG. 2. Coercivity Hc ~a! and electric resistance R0 ~b! of FePt thin films at
different thickness tN .
FIG. 1. Magnetization curves of FePt thin films at different thicknesses tN :
~a! 10 nm, ~b! 20 nm, ~c! 45 nm, ~d! 50 nm, ~e! 60 nm, and ~f! 100 nm. The
solid and broken lines represent out-of-plane and in-plane magnetization
curves, respectively.Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject toand MFM images were obtained in the same region of film in
a consecutive scan. The AFM1MFM images were obtained
by a combining technique. Before combining, the particle
edges of AFM images were emphasized and the contrast of
MFM images were changed. AFM observation indicates that
the films are composed of island-like particles at tN
510 nm, and of separated island-like patches at tN
520 nm. This suggests that the island-like particles grew
gradually as tN increases, and became island-like patches as
seen in Figs. 3~b! and 3~c!. With tN increasing over 45 nm,
most of the separated island-like patches aggregated and
formed maze-like networks @Figs. 3~d! and 3~e!#. Finally, the
network structure became a continuous film with voids @Fig.
3~f!#. These structural variations are consistent with the ex-
perimental results from transmission electron microscopy
observation3 and electrical resistivity measurement @Fig.
2~b!#. A metal–insulator transition took place at tN>45 nm,
accompanying the morphology change from separated
island-like patches to continuous interconnected networks.
The MFM images in Fig. 3 give the domain structures of
the particles in the films. The tip scanned the sample twice
for each scanning line. The first scan was to get the morphol-
ogy, and the second scan was to get the magnetic structure.
Each pair of AMF and MFM images was taken in the same
region. In order to understand how the AFM and MFM work,
a three-dimensional AFM image and a line scanning profile
are shown in Fig. 4, using the film with tN545 nm as an
example. In Fig. 4~a!, both the AFM and MFM images are
original without any technical processing, which is different
from the AFM1MFM images shown in Fig. 3. The AFM
profile gives the information of surface morphology, devel-
oping from the moving distance of sample stage to keep the
atomic force between tip and sample at a certain constant;
and the MFM profile gives the information of phase change
of tip oscillation, developing from the magnetic force gradi-
ent between tip and sample. According to the MFM profile
@the white line in Fig. 4~a!#, 121° is the threshold between
white and black contrast of magnetic domains, which is in-
dicated as the dashed line in Fig. 4~c!. The change of MFM
contrast in the grains exhibits the multidomain structures.
By overlapping the particle ~or patch! outlines on the
corresponding MFM images, the AFM1MFM images shown
in Fig. 3 reveal the relation between the magnetic domain
structure and the morphology changes. At tN560 nm, it was
a multidomain, maze-like network. The domain structure at
tN520 nm was finer compared to that at tN560 nm. Several
domains can be seen in each particle or patch. An example of
such a multidomain structure is shown in Fig. 5. Dark areas
were observed in upper and lower parts, and a bright area
exists between them. From the magnetization loops shown in
Fig. 1, it is found that this sample has ;100% out-of-plane
remanence, and ;0% in-plane remanence. This suggests that
the film has a strong uniaxial magnetic anisotropy with the
easy axis of magnetization normal to the film plane. There-
fore, all the domains are separated by almost 180° walls.
IV. DISCUSSION
From the magnetization loops shown in Fig. 1, the satu-
rated magnetization M s is about 1100 emu/cc. The extended AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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images of FePt films at different thick-
nesses tN : ~a! 10 nm, ~b! 20 nm, ~c!
45 nm, ~d! 50 nm, ~e! 60 nm, and ~f!
100 nm. The inset in ~a! illustrates the
definition of a and b. The average par-
ticle diameter is given by d
52(ab)1/2.lines of the saturated magnetization curve along the easy axis
and the magnetization curve along the hard axis will cross at
an anisotropy field position Hk . The uniaxial anisotropy en-
ergy per unit volume can be obtained by Ku5HkM s/256.5
3107 erg/cc.3 On the other hand, the maximum demagnetiz-
ing energy is 2pM s
257.63106 erg/cc. Since Ku@2pM s
2
,
the film magnetization will be along the normal direction.
All FePt films are magnetized spontaneously perpen-
dicular to the film surface because of the perpendicular mag-
netic anisotropy. The MFM measurement detects the mag-
netic force gradient arising from magnetic charge on the
surface. As seen in Fig. 3, the domains become finer with
decreasing tN , accompanying the morphology variation. It
may be noticed that the domains look continuous across the
adjacent particles/patches. Two possibilities for this phenom-
enon should be considered. First, a technical error is due to
FIG. 4. AFM, MFM images and MFM line scanning profile of the FePt film
at tN545 nm: ~a! AFM1MFM, ~b! three-dimensional AFM, and ~c! line
scan profiles of AFM and MFM along the white line indicated in ~a!. The
dash line in ~c! gives the MFM threshold of white and black contrast.Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject toinsufficient spatial resolution of MFM measurement. The
present spatial resolution of MFM measurement is estimated
as ;50 nm ~since the tip–sample distance is ;70 nm!; and
the resolution of AFM is ;10 nm. Since most of particle
separations are less than 20 nm as seen in the AFM figures,
the magnetic contrasts from adjacent particles with the same
magnetization direction can overlap each other. Second, the
possibility of island bridging in narrow valley regions due to
the existence of small particles cannot be excluded. This may
be related to the actual spatial resolution of AFM measure-
ment. The tip diameter of this MESP-HC probe is about
40–65 nm. Therefore, although the theoretical resolution for
AFM is about 10 nm, the tip cannot enter any valley nar-
rower than the size of tip diameter, and thus the morphology
details in the valley cannot be observed. However, as mag-
netic force arises from a long-range magnetostatic interac-
tion, the tip can still sense the magnetic force from those
unidentified small particles in the narrower valleys. This may
also cause a strong MFM contrast between the magnetic
particles
A statistical analysis of the domain structure of particles
was performed based on the AFM1MFM images shown in
Fig. 3. The inset in Fig. 3~a! illustrates the meaning of aver-
age particle diameter d52(ab)1/2, where a, b are the long
half-axis and short half-axis radii of the ellipse-like particles/
patches, respectively. Figure 6 shows a typical statistical dis-
tribution of the average particle diameter d and the number
of domains in the patches at tN520 nm. At tN520 nm, about
FIG. 5. A typical multidomain particle in the FePt thin film at tN520 nm:
~a! MFM image and ~b! AFM image. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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;180 nm, which is smaller than the critical diameter of
;380 nm calculated for the spherical model.8 The difference
is likely to be attributed to the morphology of the film. That
is, the particles are not ideal spheres. In fact, at tN520 nm,
the diameter for most patches is more than 80 nm, much
longer than the nominal height ~i.e., tN), so the particles/
patches are described as flat ellipsoids rather than spheres.
According to the statistical results, at tN510 nm, about 56%
of particles have single-domain structures and the rest are
composed of 2–4 domains, but the percentage may be lower
because of the limitation of MFM resolution and tip
sensitivity.
In order to discuss the critical diameter of single-domain
particle in this system, a theoretical calculation has been per-
formed: the stable domain configuration in a ferromagnetic
specimen will be determined by the condition of minimum
free energy. First, some assumptions are made: the specimen
is an ideal crystal; no magnetic field or external force is
applied; and the effects of lattice distortions at the surface of
the specimen are excluded. Then the free energy term is rep-
resented as the sum of the energy by
EF5Ew1Em1Ea , ~1!
where Ew is the domain wall energy; Em is the demagnetiz-
ing energy; and Ea is the magnetocrystalline anisotropy en-
ergy. So the problem becomes selection of these three ener-
gies to achieve a minimized sum, EF .9
Figure 7 is a schematic illustration of magnetic do-
main~s! of a particle. For fine particles, with decreasing di-
mensions, there is a critical point at which a single-domain
structure for the whole particle is energetically favorable.
Figure 7~a! illustrates a single-domain particle, and Fig. 7~b!
illustrates a double-domain particle. Figure 7~c! shows the
relationship between the directions of magnetization and the
axes of particles. The magnetization is parallel to the c axis
of particle ~out-of-plane!. At tN520 nm, the film is com-
posed of either regular-shaped ellipsoidal particles or
irregular-shaped island-like patches. However, single-domain
grains were observed only among the ellipsoidal particles
and most of the bigger irregular-shaped island-like patches
FIG. 6. The distribution of average particle diameters obtained by AFM at
tN520 nm. The number of domains N in a particle obtained by MFM is also
indicated.Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject tohave multidomain structure. So it is reasonable to assume
particles have a flat ellipsoidal shape with the easy axis of
magnetization perpendicular to the film plane in order to
calculate the critical size of a single-domain particle. The
multidomain structure in the particles near to critical size
will be double-domain structure shown in Fig. 7~b!.
Considering the particles as isolated ellipsoids and all
the particles are uniformly magnetized, the demagnetizing
field in a particle is given by
HY 52NMY , ~2!
where N is the demagnetizing factor, and MY is the magneti-
zation in the particle.
In a single-domain particle, only the demagnetizing en-
ergy contributes to the free energy, therefore the total free
energy Esingle is given by
Esingle5Em52
1
2 E HY MY dV5 12 NM s2V , ~3!
where M s is the saturation magnetization and V is the par-
ticle volume. Both the exchange and the magnetocrystalline
anisotropy energy are disregarded.9 In a spontaneous magne-
tization state, all the magnetic moments in the same domain
are parallel to each other to lower the exchange energy and
along the easy axis to minimize the magnetocrystalline an-
isotropy energy ~Fig. 1!. In this article, the samples were
observed at room temperature (T;300 K), which is much
lower than the Curie temperature Tc of L10 FePt ~about 750
K!.10 For most particles, the ratio KuV/kBT is more than
several hundred, suggesting that thermal perturbation is neg-
ligible. kB is the Boltzman constant.
The free energy for a double-domain particle is com-
posed of domain wall energy and demagnetizing energy. The
demagnetizing energy is about half the single-domain case.
Thus, the total free energy for a double-domain particle
Edouble is given by
Edouble5Ew1Em5swD1
1
4NM s
2V , ~4!
where sw is the domain wall energy per unit area and D is
the total area of domain wall in the particle. For the 180°
domain wall in a crystal with uniaxial anisotropy, sw is de-
scribed as
FIG. 7. Schematic illustrations of a particle: ~a! a single-domain structure,
~b! a double-domain structure, and ~c! an ellipsoidal particle. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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where A15AexS2/a lattice is an intrinsic constant of the mate-
rials, Aex is the exchange stiffness constant, S is the spin
quantum number, and a lattice is the lattice constant. For L10
FePt, A151026 erg/cm.8 Here, all the domain walls are as-
sumed to be Bloch like, instead of Ne´el like; and the demag-
netizing fields of the wall itself are disregarded. The upper
limit of wall thickness d5p(A1 /Ku)1/2, in both Bloch like
and Ne´el like cases, is about 4 nm. The particles in our
samples are flat ellipsoidal shape where c is the short axis
radius, and 2c(;tN)>10 nm. Therefore, because d,2c
(,2a ,2b), the magnetic charges in the walls prefer to ap-
pear at the surface of the particles, instead of at the sides of
walls. This implies that the Ne´el like walls have higher en-
ergy than the Bloch like walls. Furthermore, the demagnetiz-
ing factor is small in the thin wall (d,2c), and the volume
of domain wall is smaller compared to the particle volume.
Thus, the demagnetizing fields of the wall itself are negli-
gible.
In the critical case,
Esingle5Edouble . ~6!
Therefore, the following equation is satisfied:
1
2NM s
2V54AA1KuD1 14NM s2V . ~7!
Assuming the particles are ellipsoid, the c axis is perpen-
dicular to the film plane @shown as Fig. 7~c!#, V and D are
described as
V5 43pabc
and
D5pbc , ~8!
respectively, where a, b, c are the half axial lengths of the
ellipsoids as shown in Fig. 7~c!. Upon substitution of Eq. ~8!
in Eq. ~7!, a is given by
a5
12AA1Ku
NM s
2 . ~9!
Therefore, the critical diameter d is given by
d52a5
24AA1Ku
NM s
2 . ~10!
The demagnetization factor N is 4p/3 for a spherical
particle (a5b5c), and Nc is 4p for an ideal continuous
film (a5b5‘ , c50).
Our interest is focused on the situation a5b , 0,k,1,
where k5c/a; and the magnetization is perpendicular to the
c plane. The demagnetizing factor is given by
N54pS 12 k
~12k2!3/2
sin21 A12k21
k2
12k2D . ~11!
The form of Eq. ~11! is obtained by interchanging the long
and short axis of the underlying ellipsoid in the correspond-
ing text.11Downloaded 26 Mar 2010 to 130.34.135.83. Redistribution subject toFigure 8 gives the values of d calculated from Eq. ~10!
by using Eq. ~11! when k(5c/a) is in the range of 0.10–
0.20. Additionally, by using c5tN/2 and the given values of
c/a , the in-plane diameter of particles is given by 2a . There-
fore, the solution of d at a fixed c5tN/2 is the cross point of
these two lines ~i.e., when d52a). Thus, we obtain d
5155 nm and k5c/a50.13 for tN520 nm, which agrees
well with the experiment result ~;180 nm! shown in Fig. 6.
The slight difference may be caused by assuming 2c5tN .
The actual height of many particles is somewhat larger than
the nominal thickness tN . Because of this particle height
distribution around tN , the particles with the same diameter
have different k (c/a) values.
At tN510 nm, the coercivity reaches values in excess of
40 kOe. In this case magnetization rotation plays a dominant
role because at least 56% of the particles have single-domain
structures. With increasing tN , the number of single-domain
particles decreases and that of multidomain particles in-
creases gradually, but the coercivity shows a slow decrease.
At tN545 nm, the coercivity is still large ~;25 kOe!, al-
though most particles have multidomain structures. How-
ever, the coercivity drops to 2.5 kOe at tN550 nm where the
film morphology changes from a discontinuous to a continu-
ous state. On the other hand, the magnetic domain structure
shows no significant change at this percolation boundary.
This implies that, for the continuous morphology, the domain
wall propagates rapidly all over the film once the nucleation
of magnetization reversal occurs, which leads to a low coer-
civity. It is not the domain structure in particles but the ab-
sence of domain wall propagation all over the film that is
essential to a high coercivity. An in-field MFM observation is
in progress to explore the unclear nucleation mechanism.
V. CONCLUSIONS
MFM has been used to characterize the L10 ordered
FePt~001! films sputter deposited directly on MgO~001! sub-
strates at an elevated temperature. With increase of tN from
45 to 50 nm, the film morphology changed from isolated
particles to a continuous film. There are both single-domain
and multidomain particles depending on the particle size. At
tN520 nm, the critical size of single-domain particles was
obtained experimentally to be ;180 nm, while it was calcu-
lated to be ;155 nm by assuming an ellipsoidal particle
shape. The difference between experimental and theoretical
FIG. 8. The critical diameter of ellipsoidal single-domain particle in L10
FePt film at tN520 nm. AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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tribution of particles. The coercivity showed a drastic change
at the percolation boundary of tN>45 nm, where the film
morphology changed from a discontinuous to a continuous
state. On the other hand, the magnetic domain structure
showed no significant change at this percolation boundary.
Below tN545 nm, the coercivity did not increase apparently,
although the number of single-domain particles increased
gradually with decreasing tN . This suggests that it is not the
domain structure in particles but the absence of domain wall
propagation all over the film that is essential to a high
coercivity.
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